Isolated maize bundle sheath chloroplasts showed substantial rates of noncycic photophosphorylation. A typical rate of phosphorylation coupled to whole-chain electron transport (methylviologen or ferricyanide as acceptor) was 60 pmol per hour per milligram chlorophyll) with a coupling efficiency (P/e2) of 0.6. Partial electron transport reactions driven by photosystem I or II supported phosphorylation with P/e2 values of 0.2 to 03. Thus, two sites of phosphorylation seem to be associated with the photosynthetic chain in much the same way as in spinach chloroplasts.
chloroplasts (maximum rate in cells 80 imoles ATP per hour per milligram chlorophyll with diaminodurene as electron carrier), with the exception of endogenous photophosphorylation (photophosphorylation without added electron carriers) whose rate was three to four times higher in cells than in chloroplasts. The endogenous photophosphorylation in cells appeared to be coupled to pseudo-cyclic, rather than cyclic, electron transport. It was accompanied by 02 uptake (when the catalase inhibitor KCN was present), was sensitive to dichlorophenyldimethylurea and methylamine, but was totally insensitive to 20 micromolar antimycin which completely inhibited succinate-supported oxidative phosphorylation in the cells. The implications of these and other phenomena associated with photophosphorylation in bundle sheath cells are discussed.
It has been assumed that the primary function of maize BS3 chloroplasts is to produce ATP through cyclic photophosphorylation. This concept stems from early observations that "PSIIdeficient" BS chloroplasts were capable of substantial rates of cyclic photophosphorylation (e.g. pyocyanine-mediated) (1, 19) , a finding which seems to be in line with the fact that NADPH needed for the Calvin cycle in maize BS chloroplasts could largely be supplied by dehydrogenation (oxidative decarboxylation) of 'This work was supported by Grant PCM76-19887 from the National Science Foundation.
2 One of the authors (S. I.) wishes to express his personal appreciation for the encouragement which he frequently received from the late Bessel Kok. 3Abbreviations: BS: bundle sheath; DMQ: 2,5-dimethyl-p-benzoquinone; DAD: diaminodurene; MV: methylviologen; DBMIB: 2,5-dibromo-3-methyl-6-isopropyl-p-benzoquinone; TMQH2: tetramethyl-p-hydroquinone (duroquinol); P/e2: the number of ATP molecules formed per pair of electrons transported; DNP: 2,4-dinitrophenol. malate imported from the mesophyll cells (10) . The concept finds apparent support in reports that photosynthetic CO2 fixation by isolated maize BS cells was not accompanied by 02 evolution (9) and was only partially inhibited by DCMU when exogenous NADPH was present (7) .
There seems no doubt that BS chloroplasts in vivo have some device with which to meet the high ATP demand (per NADPH) of photosynthesis in BS cells (10) . Further characterization of photophosphorylation reactions in BS chloroplasts is necessary before any definitive conclusions can be achieved about the ATP producing reactions in vivo. The importance of such a study is emphasized by the recent finding of Hardt and Kok (8) that the PSII and the whole chain electron transport activities of isolated maize BS chloroplasts can be at least half as high as those of isolated spinach chloroplasts. Our experiments using isolated maize BS cells produced similar results (28) . In 02 and proton change experiments with cell suspensions, we also detected a relatively high rate of endogenous pseudocyclic electron flow and an energy-coupling activity of both photosystems.
Here we describe experiments with isolated maize BS chloroplasts which demonstrate the ability of each photosystem to drive phosphorylation. The main part of this paper, however, is concerned with photophosphorylation experiments using isolated BS cells which revealed interesting properties of endogenous photophosphorylation.
MATERIALS AND METHODS Plant Material. Maize plants (Zea mays var. Pioneer 1498) were grown in an environmental chamber in trays of Vermiculite at a 16-h light (3,000 ft-c, 28 C)/8-h dark (23 C) period for 14-18 days.
The plants were watered and fertilized three times weekly, rather than daily. This regime ensured healthy plants, but did not allow leaves to become excessively turgid, thus greatly facilitating the removal of the epidermis and separation of the BS strands from the mesophyll tissue. Leaves were harvested at the end of a dark period.
Chemicals. All biochemicals used were from Sigma except for DMQ, duroquinone (Eastman), DAD .2 HCI (Aldrich, recrystallized after purchase), DCMU (ICN-K&K, recrystallized), and H332P04 (ICN Radiochemicals).
Isolation of BS Cells. BS cells were isolated from the secondary leaves using a modification of the method used previously (28) . Leaves with midveins removed (about 20 g) were cut into 2-to 4-mm pieces and placed in 150 ml of an ice-chilled grinding medium which contained 0.3 M NaCl, 50 mm Tricine-NaOH (pH 7.5), 3 mM MgCl2, 1 mm EDTA, 10 mm isoascorbate, and 4 mg BSA (Sigma, fraction V)/ml. Subsequent isolation procedures were all carried out at 0-4 C. A Waring Blendor was used to grind the tissue for 10-15 s in two to three bursts. The homogenate was filtered through two layers of Miracloth, and the crude BS fragments remaining on the cloth were thoroughly rinsed with the grinding medium, suspended in an ice-chilled grinding medium, rehomogenized using a Tekmar SDT homogenizer for 10-20 s in three to five bursts at full power, and then filtered using Miracloth. These results indicate that the arrangement of energy coupling sites along the photosynthetic chain of BS chloroplasts is similar to that in spinach chloroplasts (15) . The TMQH2 MV reaction is a newly introduced PSI reaction which, unlike the DAD MV system, obligatorily involves the plastoquinone region of the chain (18, 29) . This reaction is therefore best suited for demonstrating energy coupling associated with the step plastoquinone -. Cytf (site I).
In terms of the absolute value, the P/e2 ratios we found with BS chloroplasts are uniformly lower (by about 50%1o) than those well documented for spinach chloroplasts (e.g. 15) . It b DCMU (I aM) and superoxide dismutase (50 units/ml) were present.
In the DAD system, ascorbate (I mM) was also present. was present, and since this 02 uptake activity was largely lost together with the phosphorylation activity when chloroplasts were isolated. It was therefore surprising to find that when the addition of MV markedly enhanced the pseudocycic electron flow (02 uptake) the phosphorylation rate was decreased to nearly half, instead of being increased proportionally (Table II) . Addition of ferricyanide had no effect either on 02 uptake or on phosphorylation (not shown). Some of the properties of endogenous phosphorylation in cells are described below using the MV-catalyzed reaction as a reference.
Effect of ADP Concentration. Photophosphorylation in BS cells was almost totally dependent on added ADP (Fig. 2) . Both in the endogenous and MV systems the phosphorylation rate saturated at an ADP concentration of 1 mm, exhibiting a rather high apparent Km value of about 0.4 mm. Electron flow (02 uptake) was only mildly (<30%o) stimulated by concurrent phosphorylation. At 1 mm ADP, variation of Pi concentrations from 5 to 15 mm had no effect on phosphorylation rates (not shown) indicating that Pi was not rate-limiting at the concentration routinely used in this study (5 
mM). Pi is known to permeate readily the envelope of spinach chloroplasts (5).
Effect of MV Concentration and Time Courses. hanced the pseudocyclic electron flow, the rate of concomitant phosphorylation was maximally curtailed (-50%), thus displaying a nearly perfect mirror image relation. The partial inhibition of phosphorylation by MV was time-independent; all reactions continued linearly throughout the routinely used reaction time of 3 min (Fig. 4) or even for an extended period of 7 min (Fig. 4, inset) . No rapid decrease in AT32P formed was detected after turning off the light. Apparently, the ATPase activities of cells and chloroplasts were suppressed under the conditions employed (high ADP).
Effect of pH. Figure 5 compares the pH profiles of endogenous and MV-supported 02 uptake and associated phosphorylation. 02 uptake rates showed a broad maximum around pH 7.8 in both systems, except that the maximum for the endogenous system was lower and somewhat broader than that of the MV system (curves a and b). A significant difference in pH dependency was the phosphorylation rate, which was maximum at pH 7.5 in the endogenous system (curve c) and 8.0 in the MV system (curve d).
The rate of endogenous phosphorylation well exceeded that of the MV system at all pH values. The difference between the two phosphorylation curves (c minus d) seemed to indicate a "pH 7.3 component" hidden in the endogenous phosphorylation (curve e).
A rather disturbingly large difference in apparent P/e2 (P/O) value was found over the entire pH range tested (Fig. 5, inset) . This observation urged us to investigate inhibitor effects to find out whether the endogenous photophosphorylation contained a cyclic component. In the inhibitor experiments summarized below, some emphasis was therefore placed on this point. Effect of Inhibitors. Typical results from inhibitor experiments are given in Table III along with some relevant data on respiratory phosphorylation. (In the dark and in the presence of 10 mm succinate, BS cells exhibited a measurable activity of oxidative phosphorylation which was apparently of mitochondrial origin.) KCN, which was routinely used throughout this study as a catalase inhibitor (at 2 mM) to detect pseudocyclic electron flow as 02 uptake, was sufficient to abolish respiratory phosphorylation in the cells. This KCN experiment readily eliminated the possibility of mitochondrial involvement in the photophosphorylation observed in BS cells. The endogenous photophosphorylation was sensitive to the chloroplast uncoupler methylamine but was not at all or very little affected by concentrations of antimycin (20 AM) or DNP (250 Mm) which completely inhibited or uncoupled oxidative phosphorylation in the same cells. Antimycin and DNP have been reported to act as specific inhibitors of ferredoxinmediated cyclic photophosphorylation in isolated thylakoids (25) at concentrations similar to those effective on isolated mitochondria. Indirectly measured endogenous cyclic photophosphorylation in intact (enveloped) chloroplasts from spinach (17) and from the mesophyll tissue of crabgrass (14) has been shown to be strongly affected by [1] [2] [3] [4] [5] Mm antimycin. The complete insensitivity of endogenous photophosphorylation in BS cells to antimycin (whose internal concentration was high enough to inactivate mitochondria in situ totally) makes the involvement of ferredoxin cyclic photophosphorylation highly unlikely. In both the endogenous and MV systems, 02 uptake and phosphorylation were similarly sensitive to DCMU, indicating an obligatory involvement of PSII. Endogenous photophosphorylation was reversibly suppressed when 02 was removed from the reaction mixture rather rigorously (to <2% of the air-saturated level). The sensitivity of endogenous electron transport-supported proton uptake by cells to 02 removal has already been described (28) . In contrast to the endogenous reaction, MV-supported photophosphorylation was even slightly stimulated by 02 removal. This was not surprising, since the ability of MV to catalyze cyclic photophosphorylation under anaerobic conditions is known (11) . Thus, the inhibitor experiments tended to confirm the pseudocycic nature of endogenous photophosphorylation observed in BS cells. No evidence was found which might suggest a concurrent cyclic photophosphorylation.
Effect of other Agents. We noticed that 0.1 M KCI which we routinely included in both the stock suspensions of BS cells and the reaction mixtures was important for obtaining a high activity of endogenous photophosphorylation reproducibly and for preserving the high activity. This is a salt effect, not an osmotic effect, but the ion specificity of this salt effect has yet to be determined.
The following compounds were tested on endogenous reactions in cells and found to have no significant effect: NaHCO3 (10 mM), malate (5 mM), oxaloacetate (5 mM), and NADPH (0.1 mM). DISCUSSION The envelope of spinach chloroplasts is known to be rather freely permeable to Pi (5, 6) . Its permeability to ADP, ATP and other nucleotides is believed to be very low (for a review, see ref. 27) although there are some contradictory data (4) . A nucleotide exchange translocator has been detected in the envelopes of spinach (13) and Acetabularia chloroplasts (24) (Fig. 4) . The possibility of the cytoplasmic photophosphorylation noted above seems also very remote since it is highly unlikely that the exhaustively washed BS cells retained a sufficient amount of triose-P and/or 3-P-glycerate to allow metabolite shuttling at rates equivalent to 80,umol ATP/h. mg Chl. Without added substrates (e.g. succinate) the BS cells exhibited no trace of respiratory or glycolytic phosphorylation before or after illumination (Table I and Fig. 4) .
These considerations lead us to believe that ADP did permeate the envelope of BS chloroplasts in situ, at limited but substantial rates, and directly served as the substrate for the thylakoid photophosphorylation. This conclusion is also supported by the fact that DAD, one of the most effective electron carriers for cyclic photophosphorylation in isolated chloroplasts, was also much more effective in mediating photophosphorylation in BS cells than were the noncycling electron acceptors such as DMQ and MV (Table II) [231) . MV inhibits it by simply intercepting all electrons at PSI. Electron flow from H20 to 02 through this chain (i.e. endogenous electron flow) is as fast as that catalyzed by MV, but it appears to be slow when measured as 02 uptake (100-150,ueq/h. mg Chl) because the product of 02 reduction is in large part H20, or more likely, the H202 formed is in large part quickly dismutated in situ by the terminal enzyme in a KCN-resistant reaction. Tests showed that the very high catalase activity of BS cells (5, 000 pimol 02/h-mg Chl with exogenous 5 mm H202) was 95% inhibited by 1-2 mm KCN, but the remaining 5% (still a considerable activity) seemed to be KCN resistant. When Radmer and Kok (20) detected, using a new mass spectrometric technique, an extremely high rate of 02-reducing electron flow (1,000 ,ueq/h-mg Chi) in green and blue-green algae, they found that photosynthetic 02 production was nearly completely compensated by 02 uptake even in the presence of 1 mm KCN. They attributed this to the demonstrable KCN-resistant catalase activity. Radmer and Kok (20) pointed out the enormity of energy output potentially associated with such fast, 02 reducing photosynthetic electron transport.
